multifunctional self-assembled monolayers, (2) to understand the role of monolayer structure on the functioning of such systems, and (3) to apply this knowledge to the development of electrochemical enzyme sensors. An array of molecules that can be used to attach electrochemically active biomolecules to gold surfaces has been synthesized. Several members of a class of electroactive compounds have been characterized and the factors controlling surface modification are beginning to be characterized. Enzymes have been attached to self-assembled moIecuIes arranged on the gold surface, a critical step toward the ultimate goal of this project. Several alternative enzyme attachment strategies to achieve robust enzyme-modified surfaces have been explored. Several means of juxtaposing enzymes and mediators, electroactive compounds through which the enzyme can exchange electrons with the electrode surface, have also been investigated. Finally, the development of sensitive biosensors based on films loaded with nanoscale-supported gold particles that have been surface modified with the self-assembled enzyme and mediator have been explored.
Background and Research Objectives
The preparation of organized microstructures on electrode surfaces is of interest in various areas, including molecular electronics, photochemical conversion, electrocatalysis, and chemical sensor development. A large body of work exists in which Langmuir-Blodgett bilayer films have been transferred from the aidwater interface onto solid eIectrodes using mechanical pressure. Such structures are inherently fragile. Interaction of the bilayer with the surface is non-specific. These properties are to be contrasted with self-assembled monolayers *Principal investigator, e-mail: zawod@ lanl.gov (SAMs) derived from materials adsorbed on or attached to a surface via a strong, chemicallyspecific interaction.
Self-assembled monolayers have the virtue of providing dense, stable assemblies of molecules that can be selectively grafted to a wide spectrum of chemically active groups. They can also provide sufficient electron tunneling to allow electrochemical control of reactions with these active groups. Enzymes are particularly attractive active groups because they provide unparalleled chemical selectivity. By coupling this selectivity with an electrochemical process, specifk reactions can be sensed or controlled electronically. This electronic control provides the opportunity to interface a chemically engineered surface with electronics. The most common type of monolayer constructed on gold electrodes is based on the strong interaction of thiols with gold surfaces and is thus quite stable. electrochemical reactions. The capability to tailor a surface for specific electrochemical reactions is a potentially important element in molecular electronics and could have a strong impact on the development of sensors for a variety of substances.
The overall goal of this project was to develop methods of juxtaposing, in selfassembled layers, redox active enzymes and other complexes and to study their interactions with each other. This is a specific example of a multi-step, electron-transfer catalytic complex on an electrode surface, with lateral electron transfers between adjacent elements introduced into the SAM as the key feature. The tasks can be divided into several areas: (1) synthesis and self-assembly of the desired functionalized alkanethiol molecules; (2) characterization of the properties of each of the individual components, particularly their electron transfer properties; (3) attaching enzymes to functionalized alkanethiol modified surfaces; (4) characterization of mixed monolayers of various components; (5) demonstration of interaction amongst all components; and (6) understanding the role of monolayer structure on the functioning of such systems leading to applications of the chemistry such as to electrochemical enzyme sensors.
The objective of this project was to establish S A M s as a tool for controlling enzymatic
. Importance to LANL's Science and Technology Base and National R&D Needs
We have developed a set of chemical methods of wide applicability by using simple yet versatile chemistry that enables the development of complex systems from simple building blocks. For example, the work carried out in this project represents an exciting and novel approach to the development of chemical sensors. Chemical sensors, particularly for environmental monitoring, are of increasing importance to both the DOE and the Laboratory.
The sensor concepts contained in this project are adaptable to environmental problems, including gas and ground water sensing applications. In addition, the model appiication studied here extends the Laboratory's capability in biomedical technology. Finaily, the understanding and control of suflace chemical architecture are valuable for molecular electronics applications.
Scientific Approach and Results to Date
This project involves activities in several areas including substrate preparation, monoIayer self-assembly, synthetic methods for introducing enzymes and electrochemically active moieties into surface films and measurements of electrochemical response of mixed monolayers of ferrocenylalkanethiols and alkanethiols. Substrate preparation and monolayer self assembly have been employed extensively as an underlying basis for continuing work. Electrochemical studies of monolayers containing ferrocenylalkanethiols as one component have been conducted. However. detailed studies emerging from other groups have provided the necessary background to our work and thus we lowered the emphasis on this facet of the project.
One general aspect of our use of self-assembly methods that is fundamental to the application addressed in this work as well as in development of more wide-ranging applications of these methods is the preparation of a "molecular tool kit" of molecules functionalized such that they allow a wide range of post-reactions for building up of complex surface architectures for functional applications. Examples of the "hooks" to which we attach functional units include alkanethiols terminating in amine, aldehyde or carboxylate groups. We have such molecules in hand.
Enzyme/Mediator Electrocatalytic Systems
The use of an alkanethiol-based, self-assembled mixed monolayer as an electronic relay system effecting mediated electron transfer between immobilized glucose oxidase (GOx) and a gold electrode was studied in depth. Initially, we compared the behavior of mixed monolayers of various compositions of 16-ferrocenylhexadecanenthiol(16FAT, the number refers to chain length) and aminoalkanethiol (2AmAT), to which GOx is attached, as biosensors for glucose. Our experiments show that the amperometric response of such electrodes in the presence of glucose in solution depends on the mole ratio between the 16FAT molecules and the attached protein molecules in the monolayer. As shown in Figure la , the most sensitive system is a mixed monolayer that contains 7% 16FAT. For higher 16FAT concentrations, both a catalytic response and a wave corresponding to reversible 16FAT voltammetry are observed in the presence of glucose. This suggests that there are separate domains of 16FAT and of 2AmAT in such a mixed monolayer. When the mixed monolayer contains more than 7% of 16FAT, some 16FAT molecuies cannot "feel" the GOx. and do not function as electron transfer relays.
There are two interesting points to explain regarding the data which couid provide important insight into the factors underlying function of this catalytic assembly: (1) in the absence of glucose, there no electrochemical response of the 16FAT population that interacts with the enzyme and (2) the question of the source of the large difference in the redox potential (almost -400 mV in Ep/2 value or -150 to -320 mV in Ep values) between the two populations and among the three different loadings that are sensitive towards glucose The reaction scheme for the catalytic process occurring in the presence of glucose is:
Fc' + GOXred = FC + GOxox glucose + GOxox = GOxred -+ gluconolactone where Fc is ferrocene, Fc+ is fenicenium ion. GOXred is the reduced form of GOx (GOx-FADH2), GOxox is the oxidized form of GOx (GOx-FAD).
Two possible explanations for the observed shift are (1) a kinetic expIanation in which the electrochemically sensed reaction 1 is driven to the left since all Fc+ is rapidly consumed by reaction 2 and (2) an environmental explanation in which the ferrocene voltammetry is affected by the hydrophobicity of the surrounding environment or has its structure perturbed by interaction with the enzyme in the monolayer. It is hard to believe the environmental explanations since (1) the enzyme aggregate environment is more hvdrophobic than buffer solution, leading to a shift of opposite sign; (2) only a dramatic change of the environment can cause such a big shift in the formal potential; and (3) this explanation does not directly explain that, in the absence of glucose, the absence of a redox peak from the relay Fc.
The existence of these domains was also characterized by studying the solution voltammetry of Ru(NH3)(j3+ at electrodes with various proportions of 16FAT and 2AmAT. A typical family of curves is shown in Figure 2 . As the amount of 2AmAT in the layer was increased, the current-voltage characteristic varied from a tunneling current, typical of electron transfer through a well-insulated layer, through a steady state curve, typical of an array of microelectrodes, to a normal cyclic voltammogram, typical of semi-infinite linear diffusion. This behavior suggests that the 2AmAT forms islands of low order, allowing penetration of the redox probe close to the surface, another indicator of domain formation, while the FAT portions of the electrode are well-packed and do not allow efficient electron transfer through them.
Mixed monolayers containing AmATs and FATS of other combinations of chain lengths were also prepared and characterized by electrochemistry, X-ray photoelectron spectroscopy (XPS), contact angle and atomic force microscopy ( A M ) . These mixed monolayers were also modified by GOx attachment to the amine. The relative efficiency as a biosensor of each chainkngth combination of FAT ana AmAT was examined by measuring its response toward different glucose concentrations. In light of this comparison, we considered the critical factors for efficient electron transfer between the ferrocene mediator and the GOx redox active site immobilized as part of the surface-confined system. The electrochemical results for various chain length combinations are shown in Figure 1 . Interestingly, the catalytic behavior of these systems is worse when the chain lengths are similar in length, improving with dissimilar chain lengths. Our explanation for this effect is detailed below for the various combinations of alkane chain lengths used.
12 FAT:6AmAT
Voltammetry is shown in Figurg 1 b. The chain length of the ferrocene spacer and the enzyme spacer are equal. We therefore expect that the FAT has limited ability to move. The enzyme is deposited on the surface of the mixed monolayer. The 12FAT:6AmAT system is a very rigid system. The enzyme situated on the surface of the monolayer is analogous to an enzyme attached directly to an electrode surface. In the latter case, achieving electronic communication between GOx and an electrode is not straightforward [I].
8 FAT:IOAmAT
In this system, the mediator is buried in the mixed monolayer and the enzyme spacer has some mobility. Figure IC shows the amperometric response of electrode surfaces modified with a variety of proportions of the two components. In this case, the sensitivity is better than the sensitivity of the 12FAT:6AmAT system but it is still only approximately 40% (for the optimal composition, 19% loading) of the sensitivity of 16FAT:2AmAT system. Because the enzyme has to penetrate into the mixed monolayer to react with the mediator molecule, the amperometric response of this system is somewhat surprising if we think of it as a mixed monolayer with random distribution of the two components. A reasonable explanation for the relative sensitivity of the 8FAT:lOAmAT system is that the 8FAT domains are sufficiently large (approximately 100 A2) that the enzyme can extend into the mediator domain thanks to the mobility of its spacer.
6 FAT:IOAmAT
This case tests the hypothesis formed from the 8FAT: 1OAmAT case. Figure Id shows the amperometric response of the system 6FAT:lOAmAT modified by GOx. It is clear that in this case the mobility of the enzyme spacer is even larger then in the 8FAT: 1OAmAT case because of the huge length difference between the two spacers.
is ability of the protein to approach the electron mediator. When at least one of the components (the FAT or the enzyme) is mobile, the electron transfer process is possible. However, when
We conclude that the critical factor controlling the electron transfer step in these systems the system is rigid, as in the case of the 12FAT:6AmAT mixed monolayer, the efficiency of the electron transfer between the enzyme and the mediator is poor. Though it is hard to imagine that the large enzyme molecule can penetrate through the FAT region to reduce the distance between the active site and the mediator when the alkane chain of the FAT is short, it is nonetheless possible that the enzyme can interact with the mediator on the surface in a more favorable conformation for the electron transfer process in a flexible system than in the case when the system is rigid. Thus, we have developed an understanding of structural requirements for optimal performance of mixed monolayer electrocatalytic systems as glucose sensing electrodes.
Patterning: Lithography, Stamping
Our discovery of domains underlying the behavior of the enzyme/mediator systems led us to begin to prepare artiiicial domains via patterning of surfaces. Several methods for this exist in the literature. We prepared appropriate masks for lithography and proceeded to prepare systems with patchwork patterns and having alternating squares of FATS and ATs. Unfortunately, the ferrocene moiety tended not to survive the lithographic process, as indicated by the observed electrochemical response of the lithographically patterned samples. Recently, using slightly altered conditions, successful patterning has been achieved. A second approach we took to the preparation of controlled surface architectures was the adaptation of stamping methods, as described by Whitesides, et al. [2] . The stamping process is carried out in several steps: (1) preparation of a polymeric stamp with the desired pattern; (2) immersion of the stamp in the appropriate functionalized alkanethiol solution; (3) contact of the loaded stamp with the gold surface, thus effecting transfer of functionalized alkanethiol molecules; and (4) liftoff of the stamped sample and immersion into a solution of second component. A key issue in this method is the interdiffusion of the two components at the boundaries. Quite sharp edges could be achieved as shown in scanning electron microscopy (SEM) images (Figure 3 ).
An immediate need was characterization of the patterned structures. This was accomplished by scanning probe methods. An interesting synergy emerged between our attempts to pattern surfaces with SAMs of different functionality and the development of scanning force microscopy (SFM) methods for imaging this patterning. The patterned SAMs are excellent model systems for understanding the forces contributing to observed frictional interactions between probe tip and sample. Because of our molecular-level control over elements of the self-assembled pattern, the packing, the hydrophobicity, and the charge of the exposed end of the self-assembled monolayer, we can simultaneously obtain the information we want about patterns and extend achievable resolution of scanning probe methods.
We prepared mixed-pattern SAMs of alkanethiols terminated by different chemical functionalities (e.g., -CH3, -h%2, -OH, -COOH). Binding of intact molecules to the surface was verified using electrochemical and surface-sensitive spectroscopic techniques, Le., cyclic voltammetry, XPS and scanning Auger electron spectroscopy (AES). We used scanning force microscopy techniques (AFM/LFM) to image the patterned surfaces and to measure the frictional and adhesive forces between the probe tip and regions of S A M s terminated by different chemical functionalities. Lateral force microscopy (LFM), which probes the in-plane frictional interaction between the probe tip and the sample, provides excellent imaging of the patterned SAMs with high resolution. In conjunction with AES, it is clear that the LFM image contrast between the scanning tip and the alkanethiols depends on the terminal groups. For a silicon tip, the friction force was in general found to be higher over the more hydrophilic regions. The friction aIso depends on the hydrocarbon chain length and the applied load. The adhesion forces between the different arrays of the SAMs and the unmodified and modified probe tip were investigated by measuring force-versus-displacement curves. Qualitatively, the trend of the adhesive forces between hydrophobic, hydrophilic and acid-base groups is as expected based on the interaction between those groups.
A particularly interesting study illustrates the power of this approach. A patterned sample of hexadecanethiol(16AT) and 12FAT was characterized by SEM, AFM, Auger spectroscopy, electrochemistry and contact angle measurements. This work represents the first report of images, obtained with an unmodified tip, with good contrast between regions of similar hydrophobicity. The high-quality SFM images, shown in Figure 4 , obtained for this patterned sample, in which the two components of the pattern are fairly similar in hydrophobicity, suggests that the driving force for the recognition between the SFM tip and chemically different regions arises not only from hydrophobickydrophilic or electrostatic interactions but also from basic materials features.
Colloids
We have described a novel approach for gold-and silver-colloid-monolayer formation on different silicon oxide surfaces such as glass, silicon and indium-doped tin oxide (ITO).
The preparation method is simple and yields monolayers with easily controlled spacing within the monolayer ,but without aggregation of metal particles. The colloid monolayers are prepared in two steps: (1) modification of the substrates with star burst dendrimers; (2) noblemetal-colloid deposition onto the dendrimer layer. The structure and properties of the resulting particle arrays have been studied by various methods. Data from XPS measurements show that the dendrimers spontaneously adsorb to various silicon oxide surfaces. We have made preliminary forays into extending the utility of the SAMs that can be prepared. These applications demonstrate the wide range of applicability of our tool kit of molecules.
I . Precoats for Modifiing Electronic Properties of Metals
In collaboration with other LANL investigators, we have modified gold and silver surfaces with alkanethiols terminating in -NH2, -COOH, or -H and demonstrated shifts in the electroabsorption curves consistent with the signs of the dipoles of the various molecules. This indicates that the dipole moment of the alkanethiol alters the electronic properties of the metal surface. This effect is potentially useful in constructing interfaces with matched electronic properties for electron or hole injection. We are preparing a donor/acceptor/sensitizer triad which can be self-assembled using our methods. Studies of charge separation in such devices, corresponding to lateral electron transfers, when combined with structural control, achievable using various chain lengths for example, could yield insight into optimal configurations for light harvesting.
We prepared an azobenzene-terminated alkanethiol. The object of this work was to 
